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Molecular combing is a powerful and simple method for aligning DNA molecules onto a surface. Using this technique combined 
with fluorescence microscopy, DNA-histone complexes are stretched on a hydrophobic polymethyl methacrylate (PMMA) sur-
face and observed directly. We have developed a new method to stretch single DNA-histone complexes, termed spin-stretching. 
The results show that the histones markedly enhance DNA binding to the PMMA surface. DNA winds around the histones and 
therefore decreases in length. The number of histones that bind to each DNA molecule is found to correlate with the histone con-
centration. The combed DNA-histone complexes are found to depend on two factors: the binding force on the surface and the 
centrifugal force at its local position. Na+ ions should compete with histones for binding to DNA; however, the observed competi-
tive binding effect of Na+ ions at low concentrations was negligible. 
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DNA, the carrier of genetic information, is the central mol-
ecule of life. When free in solution, DNA behaves as a ran-
dom elastic coil. DNA stretching has recently become an 
important method to examine the linearity of this macro-
molecule. Several physical methods have been employed to 
stretch single DNA molecules, such as magnetic tweezers 
[1–3], laser tweezers [4–7], atomic force microscopy [8,9], 
micropipetting [10] and the molecular combing method 
[11–13].  
Molecular combing is a novel approach for stretching 
DNA molecules. In recent years, many combing methods 
have been developed for stretching DNA. Such methods 
include dynamic molecular combing (meniscus moving on a 
coverslip [14]), spin-stretching [8,9], the evaporation of 
small droplets of DNA solutions [15,16], the stretching of 
DNA with a cover slip [17], the mechanical movement of a 
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meniscus [18], droplet motion driven by a nitrogen gas flow 
[19], the precise control of the meniscus motion [20], the 
ordered stretching of DNA between micro fabricated poly-
styrene lines [21], the moving droplet method [22] and 
aligning DNA molecules on a SiO2 surface using a dia-
mond-like carbon (DLC) thin film [23]. Combined with 
other techniques, the applications of the molecular combing 
method can be widened to include positioning genes on 
chromosomes [14], the genomic studies of DNA replication 
[24], the observation of transcription on a single combed 
DNA [25], the study of the interaction between DNA and 
enzymes [26,27] and the self-organized DNA network be-
tween two cover slips [28]. 
Eukaryotic genes do not exist as naked DNA molecules 
in the nucleus of a cell. Instead, they combine with particu-
lar proteins, especially the basic proteins called histones,  
to form a substance known as chromatin [29]. Chromatin 
controls gene activity and the inheritance of traits. The fun-
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damental subunit of chromatin is the nucleosome, which 
consists of approximately 165 base pairs (bp) of DNA 
wrapped into two superhelical turns around an octamer of 
core histones (two of each histone H2A, H2B, H3 and H4). 
This results in a five- to ten-fold compaction of DNA. 
Chromatin proteins and DNA are partners that control the 
activities of the genetic material within cells [30]. 
Protein mediated DNA bending has been studied with 
various techniques. Atomic force microscopy was used for 
observing conformations of DNA single molecules or 
DNA-protein complexes, providing important information 
about protein locations on DNA and DNA bend angles. The 
compaction of single DNA molecules by purified histones 
was studied using magnetic tweezers [31]. Single-molecule 
measurements using an optical trap have revealed that the 
wrapping and unwrapping of DNA between 1 and 1.75 
turns occurs reversibly. Recently developed fast-scanning 
AFM has the ability to investigate DNA and nucleosome 
dynamics in solution. Single-molecule fluorescence reso-
nance energy transfer (FRET) techniques have detected a 
local dissociation of DNA from the histone core particle 
that occurs on the sub-second time scale [32]. Using a 
Brownian dynamics simulation, the interaction of DNA 
with histone was numerically studied [33]. With chromatin 
immunoprecipitation (ChIP) and promoter DNA microarray 
analyses (ChIP-on-chip), the variations of acetylation of 
histone H3 in all-trans retinoic acid (RA) induced neuronal 
cell differentiation have been analyzed [34]. 
In this work, DNA-histone complexes were stretched on 
a hydrophobic polymethyl methacrylate (PMMA) surface 
by two different molecular combing methods (spin-stretch- 
ing and droplet evaporation), and directly observed with 
fluorescence microscopy. The two combing methods should 
be suitable to study the binding properties between DNA 
and histones at the single-molecule level. 
In a previous study, single molecule techniques such as 
laser trapping and magnetic tweezers have been used to 
study DNA-histone interactions, and for manipulating DNA 
molecules tethered to beads. However, such approaches 
involved extensive manipulations and are inappropriate for 
high-throughput analysis. In our combing experiment, 
DNA-histone complexes were stretched by spinning, and 
large numbers of DNA-histone complexes were combed 
onto the same surface and analyzed simultaneously. These 
two combing methods were simple and effective, and most 
importantly, they could directly study the binding properties 
between DNA and histones.  
For observation with fluorescence microscopy, lambda 
DNA was labeled with a fluorescent dye YOYO-1 before 
the reaction and the DNA-histone complexes were then 
stretched onto the PMMA hydrophobic surface. The inter-
action between DNA and histones can be analyzed by ob-
serving the length and the density of the stretched 
DNA-histone complexes. In addition, because both DNA 
and histones are macromolecules, the interaction between 
them is complex, because many factors influence this inter-
action. This method will aid investigation into the interac-
tion between DNA and histones at the single molecule level. 
Currently, characterizing the interaction between DNA and 
histones from a physics perspective is challenging, and 
therefore it remains an unsolved problem awaiting a theo-
retical and experimental approach. 
1  Materials and methods 
1.1  Experimental materials and equipment 
Lambda DNA was purchased from Sino-American Bio-
technology (Beijing, China). Fluorescent dye and the oxa-
zole yellow dimer (YOYO-1) were purchased from Molec-
ular Probes (USA). Bis-Tris and histones were purchased 
from Sigma (USA). All buffers were made with ultra-pure 
water purified through a Milli-Q water purification system 
(Millipore Corporation, France). Fluorescently stained DNA 
molecules were observed using an inverted fluorescence 
microscope (IX-70; Olympus). The images were captured 
by a cooled CCD camera (CoolSNAP-HQ, Roper Scientific 
Inc). MetaMorph software (Universal Imaging Corporation) 
was used for the system control, data acquisition and data 
processing. 
1.2  Surface treatment 
Quartz plates (21 mm× 42 mm) were immersed in NaOH 
(0.5 mol/L) for ~10 min, and then rinsed thoroughly in  
ultra-pure water (Millipore S.A., France). Quartz surfaces 
were rendered hydrophobic by coating the surfaces with 
PMMA. A droplet (0.20.3 mL) of PMMA (560F, Japan) in 
chloroform (10% (wt/wt)) was dripped down onto the center 
of a cleaned quartz surface, which was mounted horizontal-
ly on the spin-coating machine using double-sided tape, and 
spread by spin-coating at 5500 r/min for 1 min. After spin- 
coating, the PMMA film was formed evenly on the whole 
surface. The quartz plate was then baked at 145°C for ~30 
min and stored at room temperature in a dust-free environ-
ment. During the preparation of the PMMA film, it was 
very important to maintain the uniformity of the PMMA 
solution and the cleanliness of the surface. 
1.3  DNA and DNA-histone complex preparation 
Lambda DNA (48.5 kb) was stained with a fluorescent dye, 
oxazole yellow dimer (YOYO-1, Molecular Probes) at a 
ratio of ten base pairs per one dye molecule (bp/dye = 10) 
by mixing the DNA sample with a specific volume of 
freshly prepared 0.1 µmol/L dye solution (10 mmol L1 
Tris/1 mmol L1 EDTA buffer, pH 8.0). The DNA/YOYO-1 
solution was incubated for approximately 30 min in the dark, 
and then diluted to 6.5 pmol/L in bis-Tris buffer (50 
mmol/L, pH ~5.6). 
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Histones were diluted using a bis-Tris buffer (50 mmol/L, 
pH ~6.6). DNA (6.5 pmol/L) and diluted histones were in-
cubated together at 37°C for 30 min. The concentration ratio 
of DNA to histone ranged between 10 to 50.  
1.4  Spin-stretching DNA and the DNA-histone  
complex 
The quartz glass surface coated with PMMA was mounted 
horizontally on the spin-coating machine using double-sided 
tape. A series of DNA droplets (58 µL) was deposited onto 
the hydrophobic PMMA surface 5 min before spin-coating. 
This procedure makes one end of the DNA molecule suita-
ble for binding to the substrate. The distances between the 
droplets and rotating center were 1 and 2 cm. The PMMA 
surface was then accelerated to its final rotational speed of 
20006000 r/min.  
1.5  Stretching DNA and the DNA-histone complex by 
droplet evaporation 
Droplets of the sample solution containing DNA (1.2 µL) or 
DNA-histone complexes (1.2 µL) were deposited onto an 
open PMMA surface. After a few minutes, with the droplets 
drying, a significant number of fixed DNA molecules were 
fully elongated, aligned radially and concentrated near the 
peripheries of the spots to give a “sunburst” pattern.  
1.6  DNA Imaging by fluorescence microscopy  
YOYO-1 has an excitation maximum at 491 nm and emis-
sion maximum at 509 nm; that is, YOYO-1 molecules emit 
green fluorescence under the excitation of blue light. DNA 
molecules can be seen by observing the fluorescence of 
YOYO-1. A 100 W mercury lamp was used in combination 
with a U-MWB excitation cube (BP450-480, DM500, 
BA515). Fluorescently stained DNA molecules were ob-
served using an inverted optical microscope (IX-70; Olym-
pus) by epifluorescence and a 20 objective. The CCD ac-
quisition time used was three seconds.  
2  Results 
2.1  Stretching DNA and DNA-histone complexes with 
droplet evaporation 
The concentration of histones was 50-fold higher then DNA. 
DNA and histones were incubated together at 37°C for 1 h. 
DNA-histone complexes were combed by the droplet evap-
oration method. The results were as follows: the length of 
the combed DNA-histone complexes became shorter, which 
indicated that the histones had combined with the DNA 
molecules, and the distribution of combed DNA-histone 
complexes was denser. As the concentration of histones 
increased, more histones were observed to bind to each 
DNA molecule. The histones enhanced the DNA binding 
affinity to the hydrophobic surface (Figure 1).  
Using the droplets evaporation combing method, the in-
teraction of histones with the DNA led to a noticeable re-
duction in the length of the DNA. Moreover, the DNA con-
densed at high histone concentrations.  
From Figure 1, we measured the mean length of DNA as 
~22 m, whereas the mean length of the DNA-histone 
complex was ~13 m. DNA winds around histone com-
plexes 1.75 turns and involves 146 bp, which corresponds to 
a DNA length of 0.05 m. Consequently, we concluded that 
when the concentration ratio of histone to DNA was 50, the 
average number of histones binding to a single DNA mole-
cule was about 188. 
Lambda DNA (48.5 kb) was stained with YOYO-1 in 
our experiments. To reduce the illumination time and thus 
the fluorescence photobleaching of YOYO-1, we generally 
started our fluorescence microscopy observations after the 
droplets had dried completely. In addition, this also avoided 
photocleavage of the DNA in the solution. As the 
DNA/YOYO-1 solution was incubated for only about 30 
min, the dominant binding mode of YOYO-1 should in-
volve external binding via electrostatic interactions. As such, 
the positively charged YOYO-1 dye should reduce the 
binding affinity of the positively charged histones by com-
petitively binding to the DNA. We found that YOYO-1 af-
fected DNA-histone interactions to some degree. As the 
amount of YOYO-1 bound to the DNA increased, fewer 
histone molecules were bound to the DNA. So in all of our 
experiments, we selected a ratio of ten base pairs per dye 
molecule (bp/dye = 10). We used the following reaction 
conditions: the concentration ratio of histone to DNA was  
 
 
Figure 1  (a) Image of combed DNA molecules (6.5 pmol/L); (b) image 
of combed DNA-histone complexes. The concentration of histones was 
50-fold higher than the DNA.  
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between 5 and 100, the temperature was 37°C, the ratio of 
base pairs to dye molecules was 10 (bp/dye = 10) and the 
pH value of the buffer was lower than 7 [35]. 
2.2  Spin-stretching of the DNA-histone complex  
The interaction of DNA and histones has been studied by 
the droplets evaporation combing method. With droplet 
evaporation, the DNA-histone complexes were stretched by 
the force of the fluid flow as the droplet evaporated; thus in 
practice, the magnitude of this force cannot be modulated or 
controlled. 
At different histone and DNA concentration ratios, the 
conformation of the DNA-histone complex may vary. 
Force-induced nucleosome disruption was clearly observed 
by the optical trap method. In our experiment, it is possible 
that during the stretching process the interaction between 
the histones and DNA is disrupted.  
To further investigate the interaction between the DNA 
and histones, we stretched lambda DNA and the DNA-  
histone complexes on the PMMA surface using a new 
method, spin-stretching, and examined the density and 
length of the combed molecules by fluorescence microsco-
py. The experimental conditions are as follows: the concen-
tration of DNA was 6.5 pmol/L, the pH was 5.6, the rota-
tional speed was 2000 r/min and the distance between the 
droplet and the rotating center was 1 cm. The concentration 
ratios of histone to DNA were 10, 30 and 50. The results 
showed that the number of combed DNA molecules (with-
out histones) was not significant (Figure 2(a)). Here the 
DNA binding force to the surface was not strong, and many 
DNA molecules were dislodged from the surface when 
spinning because of the centrifugal force. The lengths of the 
combed DNA-histone complexes were significantly shorter 
than that of combed DNA when the concentration ratio was 
10 (Figure 2(b)).  
However, under the same conditions with the number of 
histones increasing, we found a series of very interesting 
phenomena. When the concentration ratio of histone to 
DNA was 30, the combed DNA-histone complexes became 
shorter and more densely distributed (Figure 3(a)). When 
the ratio of histone to DNA was 50, the DNA-histone com-
plexes were not stretched, and they primarily adopted ran-
dom coiled shapes. The numbers of combed DNA-histone 
complexes increased significantly (Figure 3(b)).  
These phenomena showed that histones enhanced DNA 
binding capacity to the surface. From the above results, we 
suggest that as more histones bind to the DNA, this induces 
DNA to wrap more tightly around the histones, and the 
force between DNA and histones increases, thereby leading 
to a complex which was difficult to unwind and stretch. The 
mean lengths of DNA and DNA-histone complexes were 
measured (Figure 4).  
For two of the ratio groups (concentration ratio was 30 
and 50), we continued to increase the rotation speed. When  
 
Figure 2  (a) Image of the combed DNA (6.5 pmol/L); (b) image of the 
combed DNA-histone complexes. The concentration of histone was 10- 
fold higher than DNA. 
 
Figure 3  Image of the combed DNA-histone complexes. (a) The concen-
tration of histones was 30-fold higher than the DNA; (b) the concentration 
of histones was 50-fold higher than the DNA. Rotating speed: 2000 r/min. 
the rotating speed was 6000 r/min, the DNA-histone com-
plexes (concentration ratio was 30) were stretched and 
elongated and adopted a linear shape (Figure 5(a)). At the 
same time, the number of combed DNA-histone complexes 
became fewer than that shown in Figure 3(a) because of the 
higher centrifugal force. However, when the concentration 
ratio was 50:1, only a few DNA-histone complexes were 
stretched and adopted a linear shape; most molecules  
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Figure 4  The mean length of DNA and DNA-histone complexes at dif-
ferent DNA: histone ratios. 
 
Figure 5  Image of the combed DNA-histone complexes. (a) The concen-
tration of histones was 30-fold higher than the DNA concentration; (b) the 
concentration of histones was 50-fold higher than the DNA concentration. 
Rotating speed: 6000 r/min.  
showed coiled shapes (Figure 5(b)). We conclude that as the 
histone concentration increased more histones were bound 
to the DNA molecules. At the same rotating speed, as the 
number of histones bound to the DNA increased, the DNA 
appears to wrap around the histones more tightly. In addi-
tion, these histone-rich-DNA complexes were found to ad-
here to the surface more tightly and the DNA-histone com-
plexes condensed and could not be stretched fully.  
2.3  Spin-stretching of the DNA-histone-Na+ complex  
For the DNA-histone complexes with a concentration ratio 
50, NaCl was added and the complexes stretched by spin-
ning. DNA (6.5 pmol/L), NaCl (20 mmol/L) and histones 
(3.25×1010 mol/L) were incubated together for 1 h at 37°C. 
At lower rotating speeds (2000 and 4000 r/min), the DNA- 
histone-Na+ complexes were not stretched and showed  
predominantly coil shapes. There is almost no difference 
between the combed DNA-histone-Na+ complexes and the 
DNA-histone complexes at lower rotating speeds. However, 
when the rotating speed was 6000 r/min, there were more 
stretched DNA-histone-Na+ complexes compared to the 
number of stretched DNA-histone complexes (Figures 6 and 
5(b)). In our experiment, the concentration of NaCl (20 
mmol/L) was low. However, Na+ occupied some binding 
sites on DNA for histones, thereby reducing the number of 
histones interacting with the DNA. Genomic DNA is well 
known to be densely packed inside the cell nucleus and viral 
capsids. Such close packing suggests that electrostatic re-
pulsion between negatively charged DNA in the condensed 
state is balanced by counterion-induced attractions. The 
effective attraction between DNA in trivalent and quadriva-
lent electrolytes is documented. DNA attraction has been 
observed for divalent cations: bridged by Mg2+ ions, DNA 
interlocks in the minor-grove-to-minor-grove conformation. 
Monovalent ions only modulate the repulsive interactions 
between DNA. The effect of Na+ on the DNA-histone com-
plex is considered to be weak, while the concentration of 
added Na+ is very low (20 mmol/L). With increasing NaCl 
concentrations, the competitive role of Na+ to inhibit the 
interaction of histones with DNA would be stronger. 
We also found that under the same conditions, except for 
the rotating radius (i.e. a larger radius), longer DNA-histone- 
Na+ complexes were observed (Figure 6(b)). This indicates 
that the stretching of the DNA complexes was related to its 
local linear velocity. 
We also measured the mean length of the DNA-histone 




Figure 6  Image of the combed DNA-histone-Na+ complexes. The con-
centration of histones was 50-fold higher than DNA. Rotating speed: 6000 
r/min. (a) Distance from the rotating center: r = 1 cm; (b) distance from 
rotating center: r = 2 cm.  
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Figure 7  The mean length of the DNA-histone complex and the DNA- 
histone-Na+ complex at the same rotating speed (6000 r/min). 
rotating speeds (6000 r/min); however, the radii differed. 
The concentration of Na+ was 20 mmol/L. The results 
showed that the combed DNA-histone and DNA-histone- 
Na+ (radius 1 cm) have no obvious differences. However, 
the mean length of the combed DNA-histone-Na+ complex 
became much larger at a radius of 2 cm (Figure 7). Na+ 
competes with histones for DNA binding, yet such an effect 
appears to be negligible.  
3  Conclusions 
We studied the interaction between DNA and histones using 
a spin-stretching combing method and droplet evaporation. 
Some conclusions are drawn. 
(1) Adding different concentrations of histones into the 
DNA solution modulated the number of histones bound to 
the DNA, thus changing the degree of DNA wrapped 
around histones. With increasing amounts of histones bound 
to the DNA, the force between the DNA and histones be-
came much stronger. In addition, the DNA-histone complex 
was difficult to stretch. At the same time, the interaction 
with the histones enhanced the force between the DNA and 
the hydrophobic surface.  
(2) The combed DNA-histone complexes depend on two 
kinds of force: the binding force on the surface and the cen-
trifugal force at its local position. The centrifugal force de-
pends on the rotating speed, rotating radius, or local linear 
velocity.  
(3) When Na+ ions were added into the DNA-histone so-
lution, the presence of the Na+ ions did not significantly 
affect the interaction between the histones and DNA. 
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